The effects of cytoskeleton inhibitors on the invasion of Tyzzer's organism, an obligate intracellular bacterium, into cultured mouse hepatocytes were examined by double immunofluorescence observation and plaque assay. The two techniques gave comparable results. Invasion of bacteria was significantly enhanced by cytochalasin D, a microfilament disrupting drug, and markedly suppressed by vinblastine, a microtubule inhibitor. Another microtubule inhibitor, colchicine, did not show any substantial effect. However, the cytoskeletal system of cultured mouse hepatocytes was sensitive to these three drugs, as judged by inhibition of FITC-dextran uptake. These results suggest that Tyzzer's organisms invade host cells by a unique mechanism that is suppressed by the normal functions of host cell microfilaments. z 1998 Federation of European Microbiological Societies. Published by Elsevier Science B.V.
Introduction
The causative agent of Tyzzer's disease, which is characterized by liver necrosis and hemorrhagic enteritis in a wide variety of laboratory, domestic and wild animals, is an obligate intracellular bacterium showing a strict tropism for highly di¡erentiated cells, including hepatocytes [1, 2] . Our previous studies on an in vitro infection system using cultured mouse hepatocytes as target cells revealed that not only structural but also functional integrity of the organisms was a prerequisite for establishment of the infection [3] . However, little is known about the role of host cells in host-parasite interactions in this infection.
In this study, two distinct techniques were used to analyze the ability of Tyzzer's organism to invade hepatocyte monolayers in the presence of cytoskeleton inhibitors.
Materials and methods

Hepatocyte cultures
Primary monolayer cultures of hepatocytes from ICR mice were prepared by the two-step collagenase perfusion method as already described [4] . Monolayers of 24^30 h culture on plastic dishes were used for the preparation of inocula and plaque assays, while those on glass coverslips were used for immuno£uorescence (IMF) observations. The culture medium (CM) consisted of Williams' medium E supplemented with 4 mU ml 3I insulin and 1 WM dexamethasone.
Bacterial strain and inoculum preparation
The RT strain of rat-derived Tyzzer's organism [5] was maintained as infected mouse liver in liquid nitrogen. Bacteria in supernatants or homogenates of freshly infected hepatocyte monolayers were used as inocula [3] .
Cytoskeleton inhibitors
Cytochalasin D (CD) and vinblastine (VB) were prepared as 1 mg ml 3I stock solutions in dimethylsulfoxide (DMSO) and diluted in CM at ¢nal concentrations of 1 and 5 Wg ml 3I . Colchicine (CC) solutions were made in CM at 10 and 100 WM. Hepatocyte monolayers were exposed to each dilution of inhibitors for 120 min before inoculation with bacteria. The concentration of these inhibitors was maintained during the infection period of 90 (for IMF) or 120 min (for plaque assay), and the invasion assays were conducted as described below.
Invasion assays: double IMF and plaque assay
The double IMF method [6] was employed to differentiate intracellular and extracellular bacteria as already described [3] . The number of intracellular bacteria was calculated as the number of total bacteria minus the number of extracellular bacteria on each coverslip. The percent invasion was calculated as [(number of intracellular bacteria/number of total bacteria)U100]. Mouse antiserum to the RT strain was the same as before [4] .
The plaque assay technique has been described in detail elsewhere [7] and it quanti¢ed the invasive capacity of bacteria to host cells leading to complete infection.
Fluid-phase endocytosis
To determine the action of the inhibitors on the cytoskeleton system of mouse hepatocytes in vitro, their e¡ect on cellular uptake of a £uid-phase marker was assessed under the same experimental conditions as the infection studies. Hepatocyte monolayers were exposed to inhibitors for 120 min before and during 90 min of incubation with 1 mg ml 3I FITC-dextran (average molecular mass: 70 000) and the £uores-cence intensity of the supernatants of the cell lysates was measured in a spectro£uorometer using excitation and emission wavelengths of 485 and 515 nm, with slit widths of 3 and 5 nm, respectively [8] .
Statistical analysis
Student's t-test was conducted for inhibitortreated vs. diluent control of corresponding concentration, i.e. 1 and 5 Wg ml 3I CD-or VB-treated vs. 0.1 and 0.5% DMSO control, respectively, and CCtreated vs. CM control.
Results
Preliminary experiments con¢rmed that higher doses of CD, VB and CC than used in the present study were toxic for the cells, as judged by the detachment of the monolayers from the coverslips (data not shown).
The double IMF technique revealed that CD signi¢cantly increased intracellular counts but had no substantial e¡ect on extracellular counts (Fig. 1) . Subsequently, CD increased both total infection and percent invasion. In contrast, VB severely reduced intracellular IMF counts, while extracellular counts were nearly constant, leading to a marked decrease in total infection and percent invasion. CC did not show any signi¢cant e¡ect on IMF counts.
These opposite e¡ects of the drugs were con¢rmed by the plaque assay (Fig. 2) . Plaque formation was extremely enhanced by CD at 1 and 5 Wg ml 3I but was signi¢cantly reduced by VB (1 and 5 Wg ml 3I ). CC inhibited plaque formation only at 10 WM.
Preliminary experiments con¢rmed that uptake of FITC-dextran by cultured hepatocytes was almost directly proportional to its concentration in the medium up to 4 mg ml 3I , and that uptake continued linearly with incubation time for at least 90 min (data not shown). These facts suggested that FITC-dextran was suitable as a marker for £uid-phase endocytosis in cultured mouse hepatocytes. Uptake of FITC-dextran was reduced by all cytoskeleton inhibitors tested in a dose-dependent manner (Fig. 3) . Although 1 Wg ml 3I of CD did not cause a signi¢-cant reduction, the higher dose inhibited the uptake, con¢rming the inhibiting potency of CD on the micro¢lament system of cultured mouse hepatocytes.
Discussion
Cytochalasins disrupt actin polymers of micro¢la-ments, thus a¡ecting a number of cellular functions, one of which is suppression of endocytosis. To our knowledge, all entry processes of most invasive microorganisms ever reported are heavily micro¢la-ment-dependent [9, 10] . Therefore, the present results that CD did not inhibit invasion of Tyzzer's organisms into cultured hepatocytes, but rather enhanced it, were unexpected and confusing. The parallel results obtained with two methods with distinct mechanisms were, however, conclusive. The possibility that CD had no e¡ect on cultured mouse hepatocytes was excluded, since the suppression of FITCdextran uptake clearly demonstrated that the micro¢lament function was a¡ected by this drug. Although direct e¡ects of cytochalasins on intracellular eukaryotes, e.g., Toxoplasma gondii [11] , have been reported to a¡ect their host cell invasion, there have been no reports in the literature of any direct e¡ect of cytochalasins on prokaryotes. One possible explanation for the present results is that disruption of micro¢lament function by CD made the submembranous environment of the host cell suitable for entry of the organism. In this assumption, micro¢la-ment function of normal mouse hepatocytes would be a barrier to the entry process of Tyzzer's organisms. Further studies concerning the possible e¡ects of cytochalasins on both the organisms and the target cells should be carried out before this assumption can be veri¢ed.
The results with the microtubule inhibitors were not conclusive. Although VB markedly inhibited the entry process, comparable e¡ects were not observed with CC, which has basically the same depolymerizing e¡ect on microtubules as VB. Consequently, it is not clear so far whether entry of Tyzzer's organisms is microtubule-dependent or not.
In conclusion, Tyzzer's organisms appear to fall into a unique category of intracellular microorganisms in that they invade host cells by a mechanism that is suppressed by host cell micro¢lament functions.
